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Edited by Michael R. SussmanAbstract Plant chloroplasts probably originate from an endo-
symbiosis event between a photosynthetic bacteria and a eucary-
otic cell. The proper functioning of this association requires a
high level of integration between the chloroplastic genome and
the plant cell genome. Many chloroplastic genes have been trans-
ferred to the nucleus of the host cell and the proteins coded by
these genes are imported into the chloroplast. Chloroplastic
activity also regulates the expression of these genes at the tran-
scriptional and post-transcriptional levels. The importation of
nucleic acids from the host cell into the chloroplast has never
been observed. This work show that the mRNA coding for the
eucaryotic translation factor 4E, an essential regulator of trans-
lation, enters the chloroplast in four diﬀerent plant species, and is
located in the stroma. Furthermore, the localization in the chlo-
roplast of an heterologous GFP mRNA fused to the eIF4E RNA
was also observed.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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eIF4E; GFP1. Introduction
The chloroplast is a specialized organelle, probably of bacte-
rial origin, hosted by plant cells. Plastid activity is crucial for
plant life since it is dedicated to the capture of light energy
for photosynthesis and is also the place where many essential
biochemical activities occur. Plastids contain their own poly-
ploid genome but, by comparison to their probable cyanobac-
terial ancestors, most genes have been relocated to the cell’s
nuclear genome and a large part of the plastid protein content
is imported from the surrounding cell cytoplasm [1,2]. Molec-
ular traﬃcking between the plastid and the host cell is intenseAbbreviations: eIF4E, eucaryotic initiation factor 4E; GFP, green
ﬂuorescent protein; PEP carboxylase, phosphoenolpyruvate carboxyl-
ase; CaMV, cauliﬂower mosaic virus
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assembly of the dimeric Ribulose biphosphate carboxylase–
oxygenase requires that the synthesis of a large subunit from
the polyploid chloroplastic genome (up to one hundred copies)
is coordinated with the synthesis of the small subunit from the
low copy number nuclear genome. Plastids are also able to im-
port foreign RNA since the replication of some viroids, a class
of subviral plant pathogens, is performed by chloroplastic
RNA polymerase in the plastid’s stroma [4]. However the
importation of host RNA in the plastid has not been demon-
strated. In this report we show that the mRNA coding for
the eucaryotic initiation factor 4E (eIF4E), originating from
a nuclear encoded gene, is found within the chloroplast in sev-
eral plant species.2. Results
2.1. EIF4E mRNA is associated and copurify with the
chloroplast
In situ hybridization experiments with an Arabidopsis thali-
ana eIF4E1 (AteIF4E1) probe suggested that the signal was
associated with the chloroplast (Fig. 1A). As database similar-
ity searches revealed the absence of sequence similarity be-
tween the AteIF4E1 mRNA and the A. thaliana chloroplast
DNA, northern blot analysis was performed on RNA ex-
tracted from puriﬁed A. thaliana chloroplasts (Fig. 1B). The
eIF4E1 mRNA can be detected in total RNA extracted from
young plantlets and from leaves of adult plants and in the
chloroplastic RNA. By contrast, the eIF4E2 mRNA, coding
for the related eIF(iso)4E protein (70% identity with eIF4E1
at the nucleotide level) was only detected in young seedling
RNA in accordance to previous ﬁndings [5]. The low contam-
ination of the chloroplast RNA preparation with cytosolic
RNA was veriﬁed using a 28S cytosolic rRNA probe. The
AteIF4E mRNA was also detected speciﬁcally in the chloro-
plast RNA fraction using RT-PCR (not shown).
2.2. EIF4E mRNA is localized inside the chloroplast
The chloroplastic localization of eIF4E mRNA was also
observed, in Nicotiana tabacum, another plant species,
(NteIF4E, Fig. 1C). In this experiment, signiﬁcant contami-
nation of the chloroplast RNA preparation with nuclearation of European Biochemical Societies.
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Fig. 1. Chloroplastic localization of eIF4E mRNA in A. thaliana and
N. tabacum. (A) In situ hybridization of a transverse section of an
A. thaliana leaf with digoxygenin labeled AteIF4E1 antisense RNA
probe, bar = 50 lM. (B) Northern analysis of total and chloroplastic
A. thaliana RNA with: a32P-UTP labeled AteIF4E1 and AteIF4E2
antisense RNA probe, a32P-dCTP labeled cDNA corresponding to the
28S rRNA and EtBr stained gel. Lane 1: total RNA from plantlets
grown in liquid culture (7 lg), lane 2: total RNA from leaves (7 lg),
lane 3: RNA from chloroplasts prepared from leaves (4 lg). The
position of 28S rRNA (2809 nt) and 18S rRNA (1490 nt) are shown.
Predicted sizes of the Arabidopsis eIF4E1 mRNA and eIF4E2 mRNA
are 910 nucleotides and 810 nucleotides, respectively, not including the
polyA tail [5]. (C) Northern blot hybridization analysis of total and
chloroplastic N. tabacum RNA with indicated probes. NteIF4E and
Nir cDNA were labeled by random priming with a32P-dCTP, U6
snRNA and PsbB antisense RNA probes were labeled by in vitro
transcription using a32P-UTP. Lane 1: total RNA from leaves (8 lg),
lane 2: chloroplastic RNA from protoplasts (5 lg), lane 3: chloroplas-
tic RNA from leaves (5 lg), lane 4: chloroplastic RNA from RNase
treated leaf chloroplasts (5 lg). Molecular weights are on the right.
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RNA probe and a Nitrite reductase (Nir) cDNA probe,
respectively. A chloroplastic probe, PsbB, detected its corre-
sponding mRNA in all extracts. In addition, treatment of
the puriﬁed intact chloroplasts with RNase prior to RNA
extraction (Fig. 1C, lane 4) does not remove the signal cor-
responding to the NteIF4E mRNA from the chloroplastic
RNA, thus suggesting that it is protected from RNase ac-
tion either by protein complexes present at the surface of
the chloroplast or protected by the envelope membranes of
the intact chloroplast. RNase action was found to eﬀective
since it leads to the disappearance of some PspB hybridizing
bands inside of chloroplast (Fig. 1C). To investigate if the
eIF4E mRNA can be bound to the outer membrane, chloro-
plasts were puriﬁed from Lactuca sativa (lettuce), which give
higher yields of chloroplasts than A. thaliana and N. taba-
cum, and were treated with a combination of trypsin and
RNase to remove any RNA that might be protected in
membrane associated protein complexes. Hybridization with
a L. sativa eIF4E probe (LseIF4E) shows that the LseIF4E
mRNA was protected from the combined protease and
RNase treatments (Fig. 2A, lane 2). The eﬀectiveness of
these treatments was assessed by addition of an exogenous
recombinant His-tagged protein (cpSRP43) and in vitro syn-
thesized digoxygenin labeled AteIF4E RNA to the puriﬁed
chloroplasts. The disappearance of the exogenously added
cpSRP43 protein and AteIF4E RNA after protease and
RNase action, whereas the LseIF4E mRNA was still detect-
able, strongly suggests that it is located inside the chloro-
plast envelope.
2.3. EIF4E mRNA locate within the stromal compartment
Spinacia oleracea (spinach) was then used as a chloroplast
source to obtain the large number of chloroplasts necessary
for a fractionation into deﬁned envelope, thylakoids and stro-
mal fractions, using previously established procedures
[6,21,27]. Hybridization with the LseIF4E probe strongly sug-
gests that the homologous S. oleracea eIF4E (SoeIF4E)
mRNA was localized within the stromal fraction (Fig. 3A).
Although soluble stromal and intermembrane space compo-
nents copurify on sucrose gradients, trypsin protease, which
was used in the experiments of Fig. 2A, is known to digest out-
er envelope membrane proteins and proteins exposed to the
intermembrane space [7]. Therefore, its combination with
RNase is expected to provide access, for the RNAse, to the
intermembrane space between the two envelope membranes.
As the signal corresponding to the endogenous AteIF4E
RNA was not aﬀected following this combination of protease
and RNAse treatments, its presence in the intermembrane
space of the envelope is unlikely. Two diﬀerent controls were
used to rule out the contamination of the puriﬁed subchloro-
plastic fraction with cytosolic material. First, a probe corre-
sponding to Nitrate reductase mRNA, exclusively found in
the cytoplasm, did not detect any hybridizing signal in the
puriﬁed fractions (Fig. 3B). Second, western blotting of the
protein content from the same fractions before RNA extrac-
tion with an antibody against phosphoenolpyruvate carboxyl-
ase (PEP carboxylase), a cytoplasmic enzyme, shows a signal
in the total extracts from spinach and lettuce and not in the
chloroplastic fractions, excepted a faint band in the envelope
fraction, probably resulting from cytosolic carry-over
(Fig. 3C).
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Fig. 4. Heterologous RNA import in the A. thaliana chloroplast. (A)
Northern hybridization analysis of chloroplastic RNA from transgenic
and WT plants with a digoxygenin labeled GFP antisense RNA probe.
Lane 1: Chloroplastic RNA from WT leaves, lane 2: Chloroplastic
RNA from transgenic 35S-GFP leaves, lane 3: Chloroplastic RNA
from transgenic 35S-AteIF4E1-GFP leaves. (B) Corresponding EtBr
stained gel, lanes are identical to (A). The hybrid mRNA (predicted
size 1539 nt) comigrate with the 18S rRNA (1490 nt).
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Fig. 3. The eIF4E mRNA is localized inside of the chloroplast in
S. oleracea. (A) Northern hybridization analysis of RNA extracted
from deﬁned fractions from S. oleracea chloroplasts with digioxygenin
labeled LseIF4E antisense RNA probe. (B) Control northern hybrid-
ization with a Nitrate reductase (Nr) cDNA probe. (C) Western blot
analysis of proteins from the same fractions with an antibody against
PEP carboxylase (PEPc). Lane 1: total RNA (12.8 lg) or proteins from
L. sativa leaves, lane 2: total RNA (11.3 lg) or proteins from
S. oleracea leaves, lane 3: chloroplastic RNA (9.6 lg) or proteins
from S. oleracea, lane 4: RNA (8 lg) or proteins from the stroma
fraction of S. oleracea chloroplasts, lane 5: RNA (10.5 lg) or proteins
from the thylakoidal fraction of S. oleracea chloroplasts, lane 6: RNA
(7.2 lg) or proteins from the envelope fraction of S. oleracea
chloroplasts.
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Fig. 2. The eIF4E mRNA is localized in the chloroplast of L. sativa
and protected from RNase and protease. Northern blot hybridization
analysis of total and chloroplastic RNA with LseIF4E digioxygenin
labeled antisense RNA probe (A), EtBr stained gel (B), detection of
exogenous AteIF4E digioxygenin labeled RNA (C), and His-tagged
cpSRP43 protein (D), added to chloroplasts before RNase and trypsin
treatment. Lanes: (1) 11 lg RNA (A,B,C) or proteins (D) from leaves,
(2) 4.6 lg RNA (A,B,C) or proteins (D) from chloroplasts incubated
with trypsin and Rnase, (3) 5 lg RNA (A,B,C) or proteins (D) from
untreated chloroplasts. AteIF4E digioxygenin labeled RNA was
detected directly after membrane transfer and His-tagged cpSRP43
was detected by western blotting using an anti-His antibody.
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GFP mRNA
To investigate whether an heterologous mRNA can be im-
ported into the chloroplast when linked to eIF4E mRNA,
the mRNA coding to the green ﬂuorescent protein (mGFP5)
was fused 3 0 to the AteIF4E1 mRNA under control of the cau-
liﬂower mosaic virus (CaMV) 35S promoter and transgenic
A. thaliana lines were produced. A line expressing the hybrid
mRNA was selected and used to prepare chloroplastic RNA.
Hybridization with a GFP probe reveals that the hybrid
mRNA locates within the chloroplast fraction (Fig. 4A) simi-
larly to the AteIF4E1 mRNA. The molecular weight of this
mRNA was consistent with the sum of GFP and eIF4E
mRNAs (1539 nt) since it comigrates with the cytosolic 18S
ribosomal RNA (1490 nt). No hybridization signal was found
in non-transgenic Arabidopsis. It was thus concluded that the
AteIF4E1 mRNA moiety was suﬃcient to trigger the entry
of the GFP mRNA into the chloroplast compartment.
We then attempted to detect the translation product of the
eIF4E mRNA within the chloroplast. Cap aﬃnity chromatog-
raphy puriﬁcation [8] using chloroplast protein extracts fol-
lowed by western blotting with an eIF4E speciﬁc antibody
fails to detect the eIF4E protein within the chloroplast (not
shown). Particle bombardment of Arabidopsis leaves with plas-
mids encoding GFP fused in frame to eIF4E did not show
GFP ﬂuorescence inside the chloroplast (Fig. 5B). In contrast,
Fig. 5. The eIF4E protein is not located in the chloroplast. Particle bombardment of A. thaliana was performed to detemine the subcellular
localization of the eIF4E proteins. (A) Bombardment with a 35S-GFP construct. (B) Bombardment with a 35S-GFP-AteIF4E1 construct. (C)
Bombardment with plasmid 35S-TP-sGFP containing the transit peptide (TP) sequence from RBCs fused to GFP (6) N, nucleus; cp, chloroplast;
bar = 25 lM.
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peptide of Ribulose Biphosphate Carboxylase small subunit
[6] clearly show GFP ﬂuorescence associated with the chloro-
plast (Fig. 5C). This suggests that the eIF4E mRNA is not
translated in the chloroplast.3. Discussion
3.1. Mechanism of RNA import into the chloroplast
This report shows the ﬁrst case of importation of an mRNA
coded by the nuclear genome into the chloroplast. Importation
of RNA into of the chloroplast is likely to be part of physio-
logical process since it has been previously reported by the rep-
lication of Avsunviroidae by chloroplastic polymerases inside
the organelle [4]. As is often the case, it is likely that a normal
cell process has been hijacked by a pathogen. Mitochondria,
the other eucaryotic organelle of bacterial origin, were found
to import nucleic acids. Plant and trypanosomatids mitochon-
dria can import several species of tRNA [9–11] and plant mito-
chondria were also found to import double stranded DNA
[12]. When it has been studied, it appears that all theses case
of nucleic acid import involve a dedicated protein complex at
the surface of the organelle. In addition several species of cya-
nobacteria, the likely ancestors of chloroplasts, display natural
transformation ability, as it is the case for other bacteria [13].
Therefore the ability of chloroplast to import RNA from the
surrounding cell may originate in the natural transformation
capacity of bacteria. The exact nature of the mechanism of
RNA import and its relation to the well characterized protein
import mechanisms has still to be explored.3.2. Function of RNA import in the chloroplast?
The eIF4E protein is one of the key regulators of general and
speciﬁc translation in eucaryotes [14,15] but is not necessary
for the translation of chloroplastic mRNAs which are devoid
of the cap structure [16]. The function of the eIF4E mRNA
within the chloroplast is thus unclear. The eIF4E protein
was not detected in the chloroplast, suggesting that the eIF4E
mRNA is not translated in the chloroplast and therefore that
eIF4E does not have chloroplast speciﬁc functions beside its
known role in eucaryotic translational initiation. The regula-
tion of the cell’s translational activity in diﬀerent eucaryotes
is often associated with the sequestration of eIF4E by binding
proteins [14,15,17]. As large amount of proteins have to be
synthesized in the cytoplasm in coordination with the chloro-
plast’s needs, it can be hypothesized that chloroplastic seques-
tration of the eIF4E mRNA is a way to regulate cytosolic
translation activity as a function of the physiological status
of the chloroplast. Indeed, chloroplastic activity was found
to regulate translation in the cytoplasm by an unknown mech-
anism [18]. Mutagenesis of the eIF4E-1 gene (At4g18040) was
reported to lead to resistance to Clover Yellow Vein Virus [19],
but others phenotypes were not reported although a complete
physiological analysis of this mutant was not performed. The
import of the eIF4E mRNA into the chloroplast is unlikely
to be a unique case since the hybridization of A. thaliana
microarrays with RNA puriﬁed from chloroplasts reveals that
several mRNA from nuclear genes are enriched in the chloro-
plast, including the eIF4E mRNA (N. Rolland, unpublished).
Therefore the traﬃcking of RNA between the cytosol and the
chloroplasts may show an as yet underexplored level of plant
cell integration.
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4.1. Hybridization analysis and RNA probe synthesis
In situ hybridization was performed according to [5], with digoxyge-
nin labeled antisense RNA probes. Northern blot analysis was per-
formed according to standard methods [20]. cDNA probes were
labeled by random priming using a32P-dCTP and RNA probes were
labeled by in vitro transcription using either a32P-UTP or digoxygenin
(DIG RNA Labelling Kit, Roche diagnostics).
4.2. Chloroplasts puriﬁcation and nucleic acids extraction
All operations were carried out at 0–5 C. Crude chloroplasts were
obtained from leaves (6 g of A. thaliana, 30 g of N. tabacum, 100 g
of L. sativaor 4 kg S. oleracea). Plants were placed in the dark at
4 C overnight and chloroplasts were extracted in iso-osmotic buﬀer
(A. thaliana and N. tabacum: Tris–Hcl pH 8, 20 mM EDTA, 0.33 M
Sorbitol, 0.1% b-mercaptoethanol, L. sativa: 0.4 M sorbitol, 10 mM
NaCl, 50 mMMOPS pH 7, S. oleracea: 0.33 M sucrose, 20 mMMOPS
pH 7.8) and puriﬁed by isopycnic centrifugation on preformed Percoll
gradients [21]. N. tabacum chloroplasts were also obtained from pro-
toplasts as described in [22].
Puriﬁed intact chloroplasts of S. oleracea were lysed in hypotonic
medium, and stroma, thylakoid and envelope membranes were puriﬁed
from the lysate by centrifugation on sucrose gradients [21]. All solu-
tions used for chloroplast subfractionation were RNase free. Chloro-
plastic RNA or DNA and RNA from subchloroplastic fractions was
extracted from puriﬁed intact chloroplasts or from puriﬁed subplasti-
dial fractions using phenol/chloroform extraction and ethanol precipi-
tation. Proteins from the same fractions were submitted to
polyacrylamide gel electrophoresis, transferred to nitrocellulose and
analysed using an antibody directed against the sorghum phosphoenol
pyruvate carboxylase PEPcase [23].
4.3. RNase and protease treatment of puriﬁed chloroplasts
Puriﬁed intact N. tabacum protoplasts were incubated with 50 U
RNase One (Promega) in the extraction buﬀer for 20 mn on ice before
RNA extraction.
Fifty nanograms of recombinant His-tagged A. thaliana cpSRP43
protein (bearing a trypsin cleavage site downstream of the His-tag)
and 50 pg digoxygenin labeled antisense AteIF4E RNA were added
to puriﬁed L. sativa chloroplasts before incubation with trypsin (650
units). After 5 min incubation on ice, 10 lg of RNase A was added be-
fore a 4 min incubation at RT. An aliquot of the mixture was mixed
with protein denaturation buﬀer for separate western blot detection
with an anti His-tag antibody. RNA was puriﬁed from the rest of
the incubation mixture and an aliquot was used for direct detection
of the digoxygenin labeled AteIF4E RNA after membrane transfer.
The remaining RNA was used for northern blot hybridization with
digoxygenin labeled LseIF4E antisense RNA probe.
4.4. Production of transgenic plants and particle bombardment
AteIF4E1 cDNA was PCR ampliﬁed and cloned upstream and in
frame with a modiﬁed green ﬂuorescent protein 4 (mGFP5) gene under
the control of the CaMV 35S promoter [24]. The chimeric gene cassette
was then moved into the binary vector pPZP-BASTA, a derivative of
pPZP [25], kindly provided by Eduardo Romano, Embrapa-Cenargen,
Brasilia. Arabidopsis transformation with Agrobacterium was done
according to [26]. Particle bombardment using a pneumatic particle
gun (Bio-Rad PDS-1000/He, helium pressure of 1550 psi, 1350 psi rup-
ture disks, 10 cm target distance, 1 lm gold Microcarriers) and confo-
cal laser scanning microscopy observation (TCS-SP2, Leica, Deerﬁeld,
IL) were performed according to [6].
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